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1 | INTRODUCTION

Magnetic resonance imaging (MRI) is a medical imag-
ing tool that uses radiofrequency signals to excite
nuclear spins within a strong static magnetic field, sub-
sequently detecting the echo signal to reconstructimage
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Abstract

Background: Fluorine-19 ('°F) magnetic resonance imaging (MRI) is a non-
invasive imaging tool for the targeted application of fluorinated agents, such as
cell tracking, and for the demonstration of oximetry. However, as the SNR of '°F
is significantly weaker than that of proton ('H) imaging, the '°F coil must be
combined with "H coils for anatomical co-registration and B shimming. This is
difficult due to the strong coupling between the coils when they are in proximity,
and is problematic since the Larmor frequency of '°F is 94% that of "H, further
increasing the potential for coupling between the 'H and '9F elements.
Purpose: Conventional double-tuned coil methods tend to generate loss com-
pared to single-tuned reference coils. The asymmetrical butterfly coil has a split
resonance peak, which can cover frequencies of 'H and '°F without losses aris-
ing from lossy traps or switching circuits. In this study, the use of an asymmetrical
butterfly coil was evaluated for "H/'°F applications.

Methods: To increase quadrature efficiency at both the 'H and '°F frequencies,
the left and right loops of the butterfly coil were tuned asymmetrically. The coil’s
tuning and performance were evaluated in simulations and MR measurements,
and the results were compared to a dimension-matched single-tuned loop coil.
Results: The split resonance peak of the asymmetrical butterfly coil success-
fully spanned the '°F to 'H frequency. It operated with higher quadrature
efficiency at both "H and '°F frequencies and demonstrated superior receive
sensitivity and SNR compared to the dimension-matched single-tuned loop coil.
Conclusions: The split resonance peak of the asymmetrical butterfly coil sup-
ported both "H and '°F frequencies, delivering a higher SNR than that of the
single-tuned loop coil. Since the asymmetrical butterfly coil can cover 'H and
19F frequencies without loss and provides higher efficiency than the reference
single-tuned coil, it can be effectively utilized for 'H/'°F MRI applications.

KEYWORDS
MRI, RF coil, 19F

data.! The primary nucleus targeted in MRI has been
the proton ('H) due to its high relative sensitivity and
concentration in the human body? Proton-based MRI
has provided detailed anatomical information and has
enabled advanced methods for assessing brain function,
such as functional MRI (fMRI) and brain connectivity*
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As MRI imaging techniques and technology have devel-
oped, interest in imaging using other nuclei, so-called
X-nuclei, has also grown. X-nuclei imaging is particu-
larly useful as it can provide complementary information
to that provided by 'H. For example, phosphorus-31
imaging can be used to evaluate energy metabolism,?
while sodium-23 imaging can be used in brain tumor
classification®

Fluorine-19 ('°F) MRI has 84% of the relative sensi-
tivity of "H and generates no background signal from
body tissue, making it suitable for visualizing fluorinated
targets.”® '9F nanoprobes have been evaluated in the
context of cell tracking and labelling,>'° and °F MRI
can be used to demonstrate oximetry in the brain, kid-
neys, and placenta.'’~'* However, the SNR of '9F is
very weak compared to that of 'H. Therefore, the °F
coil must be used alongside "H coils for By shimming
and co-registration. Various methods exist for support-
ing multiple nuclei frequencies, including the use of traps
with separate coils, geometries for double-resonance
and PIN diode switching.'>~'” The Larmor frequency of
9F is 94% that of 'H, making them very close to each
other. In this condition, recent studies show that the use
of PIN diode switching provides minimum loss at 'F
frequency.'®

To acquire the MR signal, both transmission and
reception processes are required. The B4t and By~
fields are circularly polarized components involved
in transmission and reception, respectively.'® Multi-
channel receive-only coils are commonly used to
increase SNR and minimize acquisition time with par-
allel imaging techniques.'®2° Furthermore, they have
also been evaluated for use with '°F MRI2" Multi-
channel receive-only array coils typically consist of
linearly polarized (LP) mode coils, which generate
both B;* and B4~ fields with equal magnitudes.??> To
enhance SNR, 2-channel quadrature surface coils can
be employed?>26 The quadrature surface coil offers
higher transmit efficiency and receive sensitivity due to
its higher quadrature efficiency compared to conven-
tional loop coils. Higher quadrature efficiency results in
a more focused B4* distribution during the transmis-
sion phase, whilst a higher B~ field strength compared
to B4* in the receive phase. A recent study has eval-
uated the use of a single-channel quadrature mode
butterfly coil, which generates higher quadrature effi-
ciency than a size-matched loop coil 2’ The quadrature
operation mode of a 2-channel surface coil involves
feeds with identical voltage but a 90-degree phase
difference between the two channels. To operate the
single-channel asymmetrical butterfly coil in quadrature
mode, the coil was tuned with asymmetrical capacitance
values, resulting in a split resonance peak. The asym-
metrical butterfly coil was found to provide a higher SNR
than a size-matched loop coil 2’

In this study, an asymmetrical butterfly coil was eval-
uated for the "H/'°F applications at 7T MRI. The coil

was tuned to cover both the "H and '°F frequencies at
7T MRI, and its tuning and performance were evaluated
using simulations and MR measurements. The results
were compared to a conventional loop coil.

2 | METHODS

21 | Simulation

To evaluate the tuning and receive sensitivity of the
asymmetrical butterfly coil at both "H and '°F frequen-
cies (300 and 282 MHz) for 7T MRI,a FIT simulation was
conducted using the CST Microwave Studio (Dassualt
Systems, Vélizy-Villacoublay, France). Figure 1 shows
the schematics of the butterfly and loop coils along
with the corresponding CST simulation models and the
system interface of the transmission-only coil and the
receive-only coil. The asymmetrical butterfly coil con-
sists of left and right loops, with the feed located on the
center conductor. The tuning of the RF coil is based on
the LC resonance tuning. The loop coil (Figure 1a) is
tuned by adjusting the capacitance value, C1, which can-
cels the inductance, L1. For the butterfly coil (Figure 1b),
the current is split and combined again to feed. The
left and right loops are tuned by adjusting the capaci-
tance values of C2 and C3. Conventionally, the left and
right loops of the butterfly coil are tuned with symmetri-
cal capacitance values, causing the current to split with
the same phase and magnitude but in opposite direc-
tions, resulting in LP mode. A recent study evaluated the
asymmetrical tuning of a butterfly coil, which can pro-
vide asymmetrical impedance and phase delay of the
current between the left and right loops?’ This phase
delay between the loops generates higher quadrature
efficiency and increases the signal-to-noise ratio (SNR).
In this simulation, capacitors of 3 x 6.5 pF and 3 x 8.4 pF
were used for the left and right loops of the asymmetrical
butterfly coil.

The 10 x 10 cm? loop coil, the butterfly coil in LP
mode and the asymmetrical butterfly coil were loaded
with a cylindrical phantom (diameter = 11 cm, permit-
tivity = 80, and conductivity = 1.0 S/m). The 50 Q
ports were placed at the capacitor and feed locations.
After 3D simulations, all 50 Q ports were replaced with
capacitors, inductors, and feeds to evaluate tuning in co-
simulation.2® Based on the tuned s-parameters at 7T 'H
and '°F frequencies, the 3D electric and magnetic field
data were combined. The receive sensitivity of the con-
ventional loop coil and asymmetrical butterfly coil were
calculated by dividing the B4~ field by the square root
of the absorbed power. The transmission efficiency was
also calculated by dividing the B4 field by the accepted
power. The B~ and B4 ™ fields were determined by com-
bining the By and B, fields."® The mean transmission
efficiency and receive sensitivity were then calculated
within the phantom volumes. The quadrature efficiency
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FIGURE 1
transmit-only coil (d) and receive-only coil (e).

was calculated by dividing the B4~ field distribution by
the sum of B4+ and B~ 2426

2.2 | MR measurement

The 10 x 10 cm? single-tuned loop and 10 x 10 cm?
asymmetrical butterfly coil were constructed using cop-
per tape (3 M, St. Paul, Minnesota, USA) and tuned
using non-magnetic capacitors (Dalicap Tech. Co. Ltd.,
China) based on the simulation results. To operate the
loop and butterfly coils in receive-only mode, PIN diodes
were incorporated in the feed circuits (Figure 1a and
Figure 1b), and the ports were connected to a preamp.
The noise figures of the preamp at the 'H and '°F fre-
quencies were 0.8 dB and 0.9 dB, respectively. The PIN
diodes were controlled with a 10 V DC PIN (Figure 1e).
When the PIN diode is in the active condition, the feed
circuits form parallel resonance, resulting in a receive-
only coil in a detuned state. The loop coil and the
butterfly coils were loaded with a 2 L bottle phantom
(diameter = 11 cm, length = 20 cm) containing KH,PO,4
30 mM + NaF 50 mM. The bottle phantom was driven by
a 4-channel dipole antenna transmission-only array coil
at both H and '°F frequencies (Figure 1d).

All MR measurements were conducted on a Terra
7T MRI scanner (Siemens Healthineers, Erlangen, Ger-
many). The 7T MRI scanner supports 'H and '9F
operation at 297.18 and 279.578 MHz. All constructed

Butterfly
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Schematic of the loop (a) and butterfly coils (b), the CST simulation model of a 10 x 10 cm? butterfly coil (c) and the interface of

coils were tuned to support these scanner frequen-
cies. To evaluate the SNR of the asymmetrical butterfly
coil, 2D gradient echo images were acquired at both
the '9F frequency (TR = 500 ms, TE = 3.02 ms, flip
angle = 90°, pixel band width = 250 Hz, average = 16,
matrix size = 64 x 64, pixel size = 3 x 3 mm?2, and slice
thickness = 10 mm) and the "H frequency (TR = 500 ms,
TE =3.17 ms, flip angle = 90°, pixel band width = 250 Hz,
matrix size = 256 x 256, pixel size = 0.75 x 0.75 mm?,
and slice thickness = 3 mm). Noise was evaluated by
acquiring images again with 0 V excitation. The SNR
map was calculated by dividing the pixel values by the
standard deviation of the image at 0 V.

3 | RESULTS

Figure 2 shows simulated reflection coefficients of the
loop coil, the LP mode, and the asymmetrical butterfly
coil. Table 1 displays the S11 values under different RF
coil tuning conditions. The single-tuned loop coil and
LP butterfly coil provided limited S11 coverage values
and could not simultaneously cover the 'H and '°F
frequencies. When these coils were tuned for either 'H
or '9F frequencies, they produced suboptimal reflection
at the opposite frequency. In contrast, the asymmetrical
butterfly coil shows split resonance frequencies, cover-
ing both the "H and '°F frequencies, with values better
than — 20 dB at both frequencies.
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FIGURE 2 S-parameter of the single-tuned loop coil, LP butterfly coil, and asymmetrical butterfly coil. The green and blue lines indicate that

the coils were tuned at the '°F and "H frequencies, respectively. The dashed lines indicate the location of the °F (282 MHz) and 'H (300 MHz)

frequencies.

TABLE 1 Simulated S11 of a single-tuned loop coil, an LP
butterfly coil and an asymmetrical butterfly coil.

19F frequency H frequency

(dB) (dB)

loop 19F tuned -25.0 -4.5
1H tuned -4.3 -25.0

LP 19F tuned -26.5 -1.0
butterfly 1H tuned -13 257
Asymmetrical butterfly -21.2 -20.1

Note: The S11 values are shown in Figure 2 at the'H and '°F frequencies.

Figure 3 shows the simulated transmission efficiency,
receive sensitivity and quadrature efficiency of the
single-tuned loop coil and asymmetrical butterfly coil at
"H and "°F frequencies. The single-tuned loop coil pro-
vided similar averaged values of transmission efficiency
and receive sensitivity, with mirrored patterns in the left
and right directions for both frequencies. In contrast, the
asymmetrical butterfly coil exhibited higher receive sen-
sitivity than transmission efficiency, with mean receive
sensitivity values exceeding those of the loop coil at both
"H and '9F frequencies. The receive sensitivity patterns
of the asymmetrical butterfly differed slightly between
the 'H and '9F frequencies. The asymmetrical butterfly
coil provided higher quadrature efficiency compared to
the conventional loop coil at both 'H and '9F frequen-
cies. However, the higher quadrature efficiency pattern
of the butterfly coil was not symmetrical or uniform.

Figure 4 shows measured SNR maps of the single-
tuned loop coil and asymmetrical butterfly coil at both
"H and "°F frequencies. The asymmetrical butterfly coil
provided a higher averaged SNR than the single-tuned
loop coil at both frequencies. The SNR values in the
ROIs indicate that the asymmetrical butterfly coil offered
higher averaged SNR values as well as higher SNR
over the whole coil coverage. The measured results were
consistent with the simulated receive sensitivity.

4 | DISCUSSION AND CONCLUSIONS

The simulation results showed that the single-tuned
loop coil provided identical B4 and B4~ averaged field
strength, therefore indicating that they operate in LP
mode. In contrast, the asymmetrical butterfly coil pro-
vided higher B4~ field strength compared to its B4 field.
While the total sum of B;* and B4~ fields provided
by the single-tuned coil and asymmetrical butterfly coil
are almost identical, with a difference of less than 5%,
the asymmetrical butterfly coil provided more focus on
the B4~ field. The asymmetrical butterfly coil provided
higher quadrature efficiency compared to the loop coil
at both 'H and '°F frequencies. Although the quadra-
ture efficiency patterns of the asymmetrical butterfly coil
were not uniform, the higher quadrature efficiency val-
ues of the butterfly resulted in higher averaged B4~ field
strength compared to the loop coil. The supporting infor-
mation (Video S1) shows the quadrature efficiency and
H-field vector depending on the time phase at '°F fre-
quency. In the area with high quadrature efficiency, the
H-field vectors can be seen to be rotating in a clock-
wise direction. This aligns with the MR measurements,
which also showed that the asymmetrical butterfly coil
produced a higher SNR than the single-tuned loop
coil.

The tuning capacitor values for the asymmetrical but-
terfly coil were selected to generate a more focused
B, field distribution than B4*. In principle, the use of
the asymmetrical butterfly coil during the transmission
phase would be possible by changing the tuning capac-
itor values on the left and right loops or by flipping the
coil's orientation. This process is identical to that used
to select the polarity for 2-channel quadrature surface
coils. However, tuning the asymmetrical butterfly coil for
optimal performance at both the "H and '°F frequen-
cies would be limited when it is used for the transmit
coil. Due to local SAR, the subject needs to be placed
at a distance from the transmit coils compared to the

85U8017 SUOWILLIOD aA1IE81D) 3ot |dde auy Aq peusenob afe sejone VO ‘88N JO S8INJ 0 Akeid1 8UI|UO /8|1 U0 (SUONIPUCD-PUR-SLLIBI0D A8 |IMAlRIq 1 jBU1|UO//Sd1Y) SUORIPUOD puUe SWie | 3y} 89S *[9202/90/20] Uo Ariqiauliuo AB|Im ‘AISeAIuN taydey HIMY YeuioljaicseiseAun Aq 068, T dw/Z00T 0T/I0pAw0d A8 i Areq jeuluo-wdee//sdiy Wwolj papeoiumoq ‘. ‘SZ0g ‘602rELYT



HONG ET AL.

B1+

.0
UTZ/\NO.S

B1-

0.4

0.0

QD Efficiency

Loop coll

FIGURE 3
butterfly coil at the 'H and '°F frequencies, respectively.

Asymmetrical
Butterfly

Loop

19F frequency

FIGURE 4
boxes show the locations of the ROls. The mean values were calculated in the whole phantom area.

1.0 y
0.8 ;
0.6 i
0.4 ;
0.2
0.0

° Mean: 061 p T ’
16
12
0.8
04
0.0

receive-only coil. In this condition, the coil tuning is very
sensitive to the loading, and the use of a single match-
ing capacitor (Figure 1b) would be insufficient to cover

both "H and '°F frequencies.

MEDICAL PHYSICS =27
19F

VS

HE 2 e
S o o o @ =
N N o ®© o

QD Efficiency

0.0

Asymmetrical butterfly coil

Simulated transmit efficiency, receive sensitivity, and quadrature (QD) efficiency of the single-tuned loop coil and asymmetrical

Asymmetrical

Loo
P Butterfly SNR
1200
Mean : 378.2 Mean : 532.2
900
340.0\ 4464 -
.~ u .
519.2 " , 736.3 ~
1l 300
A7 7
965.9 1320.9 0

1H frequency

Measured SNR maps of the single-tuned loop coil and asymmetrical butterfly coil at the '°F and 'H frequencies. The square

Some studies evaluated the use of PIN diode switch-
ing for "H/'°F applications, taking advantage of the
close Larmor frequencies of 'H and '°F The PIN
diode switching concept provided minimum loss at
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X-nuclei frequencies compared to single-tuned coils.
However, the use of additional components, such as
PIN diodes,'® trap circuits, and MEMs'®, generates
loss; therefore, the goal or reference of the double-
tuned coil is geometrically identical to a single-tuned
coil. In contrast, the asymmetrical butterfly coil does
not require any additional components, as its left and
right loops are tuned asymmetrically to generate a
split resonance. The MR measurement results at both
the "H and '°F frequencies were in agreement with
those of the simulation, demonstrating that the asym-
metrical butterfly coil provided higher SNR compared
to the size-matched single-tuned loop coil at both
frequencies.

The asymmetrical butterfly coil provided higher sen-
sitivity and deeper penetration compared to the con-
ventional loop coil. To cover the whole brain or another
object, a multi-channel phased array design is required.
For the conventional phased array design, several
decoupling methods can be used, such as adjusting the
overlapping distance,'® preamp decoupling,'®2° induc-
tive decoupling®*3" and self-decoupling element>?
These decoupling methods could also be employed
in the phased array design with an asymmetrical but-
terfly coil. However, preamp decoupling provides a
narrower bandwidth compared to the frequency differ-
ence between the "H and '°F frequencies. The use of
preamp decoupling for the asymmetrical butterfly coil
array should be evaluated and compared with 50 Q
termination in further studies.

The asymmetrical tuning of the left and right loops of
the butterfly coil results in a split resonance peak that
covers both "°F and 'H frequencies. In simulations, the
asymmetrical butterfly coil demonstrated higher quadra-
ture efficiency and receive sensitivity than the loop coil
at both "H and '°F frequencies. The measurement
results confirmed these findings. Since the asymmetri-
cal butterfly coil covers both the H and '°F frequencies
without any lossy double-tuning methods while addition-
ally providing a higher SNR compared to a size-matched
single-tuned loop coil, it can be effectively utilized for
"H/'°F MRI applications at ultra-high fields.
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